and chromosomes and is found in both hereditary disorders and human malignancy. Indeed, aneuploidy plays a major role in Micheline Kirsch-Volders 3 birth defects (Hetch and Hetch, 1987). Oshimura and Barret
Introduction aneuploidy by γ-rays in the low dose range is still lacking.
Several cytological methods have been devised in the past The hazards from radiation exposure of most concern in the to detect mitotic aneuploidy in mammalian cells, such as past have been those arising from relatively high radiation metaphase chromosome counts (Danford, 1984) , differential exposure but to those must now be added the possible staining of chromosomes and spindle fibres (Parry et al., 1982 ; consequences from exposure to low radiation doses as in Kirsch-Volders, 1986 ) and the characterization of micronuclei diagnostic radiology, occupational activities or in nuclear in bone marrow cells (Heddle et al., 1983; Vanderkerken et al., medical investigations. 1989; Van Hummelen et al., 1992) . There have been increased Evidence that ionizing radiation (IR) induces chromosome efforts in the area of test development for aneuploidy detecbreakage is well known and all data reported either in human tion after 1986, when the lymphocyte cytokinesis block lymphocytes (Lloyd et al., 1988) , human firbroblasts (Cornforth assay (Fenech and Morley, 1986) was implemented. Using a and Goodwin, 1991) or in mouse cells (Miller et al., 1992) pan-centromeric DNA probe, Elhajouji et al. (1995) showed agree fairly well. Besides its major clastogenic effect IR can the sensitivity of centromere probing in micronuclei and also induce aneuploidy. Aneuploidy is the condition whereby cells or organisms suffer the loss or gain of one or more whole recommended it as a basic technique to detect chromosome loss. Unlike the study of chromosome loss that can be FISH with probes for centromeric regions of chromosomes 1 (pUCl.77) and determined on micronuclei (MN), non-disjunction requires 17 (D17Z1) was applied. The probes were labelled by nick translation analysis involving the main nuclei. Zijno et al. (1994) have according to the instructions of the suppliers (Life Technologies BRL, shown that fluorescence in situ hybridization can be effectively Belgium) . FISH was performed as described by Elhajouji et al., (1997) . Slides used to detect aneuploidy in cultured interphase human lymphowere treated with RNase (Sigma) (0.1 mg/ml in 2ϫ SSC) for 1 h and pepsin solution for 10 min at 37°C in a water bath. The same denaturation step as cytes arrested with cytochalasin B by following the reciprocal described for FISH with pan-centromeric probes (Elhajouji et al., 1995) The objectives of this study were to examine: (i) whether phenylindole (DAPI) (Boehringer Mannheim) in a phenylenediamine antifade low LET γ-rays induce chromatid non-disjunction and at solution (Johnson and Nogueira Araujo, 1981) .
the same frequencies as chromosome loss using FISH applied
MN analysis
to cytokinesis-blocked human lymphocytes as described for
Generally two cultures per dose were analysed. The cytochalasin B-blocked X-rays (Kirsch-Volders et al., 1996) ; and (ii) whether this nonbinucleated cells (CB) were examined for the presence of one, two or more disjunction may be useful for the biomonitoring of workers MN. All slides were coded and analysed with a Zeiss microscope (Carl Zeiss, exposed to IR.
Oberkochen, Germany) at a magnification of 1000ϫ.
To evaluate the inter-individual variation, the responses of hybridization signals were analysed. The distribution of signals for both probes between the binucleated cells was scored as 2/2, 1/3 and 0/4 for, respectively, two spots in each of the two nuclei, one spot in one nucleus and three spots in the second, no spots in one nucleus and four spots in the second.
Materials and methods
Both the 1/3 and 0/4 combinations were scored as a single non-disjunction cell. NDCB (‰) gives the number of non-disjunction events observed per Irradiation protocol 1000 binucleated cells. The events involving chromosome 1 were scored Human venous blood was drawn into heparin-containing vacutainers from independently of those involving chromosome 17 but recorded in parallel per five healthy non-smoking donors, three males (donor 1, 26 years; donor 2, cell. The preparations were examined with a Zeiss Axioscop microscope 28 years; donor 3, 58 years) and two females (donor 4, 24 years; donor 5, 30 (Carl Zeiss) equipped with a filter (filter block 9; Carl Zeiss) to visualize the years). The whole blood samples were irradiated in vitro at 37°C in a water fluorescein/Texas Red-labelled probe and the orange-red ethidium bromide or bath with 60 Co γ-rays at 1 Gy/min to doses of 0.1, 0.25, 0.5, 1 and 2 Gy. DAPI counterstaining. Dosimetry was performed at the position of the samples with a NE2571 Statistics cylindrical ionization chamber and NE2570 dosimeter (Nuclear Enterprises, Reading, UK) applying the IAEA 1987 Code of Practice.
The χ 2 test was used to compare each irradiated sample with its matched untreated control. The distributions of individual frequencies of baseline and Cytokinesis-blocked micronucleus assay γ-ray-induced MNCenϩ and non-disjunction were analysed for the possible The lymphocytes were stimulated with 2% phytohaemagglutinin (PHA 16; existence of inter-individual variation by the Kruskal-Wallis test. Wellcome Diagnostics, Dartford, UK) and treated with cytochalasin B (6 µg/ml) for 44 h. After 72 h cells were subjected to a cold hypotonic 
Frequencies of centromere-positive versus centromere-negative
In situ hybridization with pan-centromeric probe micronuclei in binucleated lymphocytes. The specificity of A 30 nt oligomer shown to hybridize to the conserved region of the α satellite the probes (pan-centromeric and chromosome-specific) was DNA present at the centromeres of all human chromosomes (Meyne et al., 1989) was used. This 30mer oligonucleotide (SO-α-AllCen, Synthetic oligomer evaluated using metaphase cells. MNCenϩ frequencies, whereas there is a statistically signi-0.25 and 0.5 Gy) of γ-rays did not induce a statistically significant increase in non-disjunction frequencies for donors 1, 2, 3 and 5, whereas 1 Gy and above clearly induced a statistically significant increase in the total non-disjunction frequencies (Table I ) (P Ͻ 0.01 at 1 Gy and P Ͻ 0.0001 at 2 Gy).
Comparison of chromosome loss and non-disjunction after irradiation with γ-rays
To use the actual frequencies of MNCenϩ as a measure of γ-ray-induced chromosome loss in cytokinesis-blocked human lymphocytes, all frequencies were related to 1000 binucleated cells, which allowed subtraction of spontaneous background frequencies from those observed in irradiated cells. Table I compares the frequencies of MNCenϩ (‰) and the frequencies of chromosomal non-disjunction [Total ND (%)] for the total genome. It was found that non-disjunction frequencies are per donor and per dose were studied and 1000 CB per culture were scored.
Discussion
In our previous studies (Elhajouji et al., 1995; Tallon et al., 1997) it was shown that the spontaneous MNCenϩ yield (34 and 55%, respectively) is in relatively good agreement with the data reported by Eastmond and Tucker (1989) and Migliori et al. (1991) , who found that 50% of the spontaneous MN were centromere/kinetochore-positive. The data presented here (29-50%) confirm the results obtained by us earlier with the same probe. However, using different pan-centromeric probes, 50-81% of spontaneous MN are MNCenϩ (Noppra et al., 1993; Thierens et al., 1999) . These differences between laboratories might be due to differences in the centromerepositivity of spontaneous MN with the probes used by different authors. No evidence for inter-individual variation in IR-induced scored with FISH using the centromeric probe for the five donors. In chromosome loss was observed in the dose range analysed general two cultures per donor and per dose were studied and 1000 CB per (0.1-2 Gy) and therefore no differences in donor radioculture were scored. sensitivities for γ-rays. This might be due to the limited number of donors without adjustment for confounding factors such as ficant increase at 1 Gy for donors 3 and 5 (P Ͻ 0.05) and 2 gender and age. Gy for donors 1, 3 and 5 (P Ͻ 0.001) and for donor 2 (P On the other hand the results reported in this work for Ͻ 0.0001).
γ-rays confirm previous ones obtained for X-rays (Kirsch- Figure 2 shows the ratio of MNCenϩ versus MNCenVolders et al., 1996) , that for the dose range analysed (0.5, 1 (%MNCenϩ/%MNCen-) scored with FISH using the centroand 2 Gy) IR induce chromosome loss (MNCenϩ) and meric probe. On average 41.89% (29.04-50%) of spontaneous non-disjunction as well as acentric chromosome fragments MN are MNCenϩ. After irradiation, the relative frequencies (MNCen-). The clastogenic effect is clearly dose dependent of MNCenϩ decreased from 39.2% (mean value) at 0.1 Gy and higher than the aneugenic effect demonstrated by the to 21.63% (mean value) at the highest dose.
decrease in the ratio of MNCenϩ versus MNCen-.
Pattern of chromosome segregation after irradiation. Chromo-
The data reported in Table I show that the frequencies of some-specific malsegregation was studied using FISH with spontaneous non-disjunction are quite high, especially when centromere-specific probes for chromosomes 1 and 17. No total frequencies were estimated (7.29-11.37%); these data are significant differences in baseline and γ-ray-induced nonclose to those previously published by our laboratory of 18.4% disjunction frequencies for chromosomes 1 (P ϭ 0.9) and 17 (Kirsch-Volders et al., 1996) and 7.04-15.39% (Elhajouji et al., (P ϭ 0.8) between individuals were detected. 1997). In this work, however, no differences between nonFrequencies of CB where non-disjunction was observed in disjunction for chromosome 1 as compared with chromosome the same cell for both chromosomes are extremely low (from 17 were observed in both control and irradiated cells. These 0.08 to 0.2%).
observations disagree with non-disjunction frequencies for the To estimate chromosomal non-disjunction frequencies for same chromosomes and same cell type in a previous work on the total genome, assuming that non-disjunction occurs X-ray-irradiated cells (Kirsch-Volders et al., 1996) but are in randomly over the chromosomes, the initial frequencies of a good agreement with the work of Elhajouji et al. (1997) on non-disjunction for both chromosomes were multiplied by spindle tubulins. These discrepancies might be due to the 23/2 (Table I) . The data are shown for each donor separately higher inter-individual variations found by Kirsch-Volders et al. in Figure 3 .
For radiation-induced non-disjunction, lower doses (0.1, (1996) for spontaneous non-disjunction. However, in this work The CB were scored using fluorescence in situ hybridization with centromere-specific probes for chromosomes 1 and 17 to assess chromosomal non-disjunction. e Frequencies of non-disjunction for chromosomes 1 and 17 examined per thousand CB. f Chromosomal non-disjunction for the total genome. To obtain these frequencies, the frequencies in column 6 were multiplied by 23/2, assuming that nondisjunction occurs at random and independently for each chromosome. g Only one culture was available. h P Ͻ 0.05 compared with the respective control frequency of MNCenϩ or ND; i P Ͻ 0.001; j P Ͻ 0.0001. The statistical significance of the results was analysed with the χ 2 test. no significant inter-individual differences were observed for aneuploidy is considered as a whole, the contribution of chromosome non-disjunction (assuming that non-disjunction chromosome non-disjunction.
To determine whether non-disjunction may be the major occurs at random) seems to be more important than chromosome loss. The major mechanism for γ-ray-induced aneuploidy effect of aneuploidy-inducing γ-rays, as was seen for X-rays (Kirsch-Volders et al., 1996) , we have used FISH for the same is related to chromosome loss through non-disjunction, as has been demonstrated using X-rays, and not through the formation chromosomes (chromosomes 1 and 17). The analysis of doseeffect for non-disjunction showed that γ-rays induce a slight of MN. The reason why the aneugenic effect is less clearly dose increase in the frequencies of non-disjunction of chromosomes 1 and 17 at 0.5 Gy, but it was not statistically significant dependent at lower doses might be ascribed to a possible threshold effect on the spindle tubulins or other non-DNA (except for donor 2, for whom a statistically significant increase was observed at 0.25 Gy), whereas they induce a dose-related targets. In fact, since aneuploidy is induced as a result of chromosomal loss or malsegregation, structures that are thought increase at 1 Gy and above (P Ͻ 0.001) for all the donors. The corresponding frequencies induced by ionizing radiation to be involved in chromosomal segregation should be the major targets. The possible interaction of IR with the spindle are quite high compared with those for chromosome loss (by a factor of 10-20) (Table I and Figure 3) . Therefore, when is related to their capacity to generate free radicals. Indeed, Fig. 3 . Frequencies of non-disjunction for the total genome, chromosome loss and total aneuploidy (spontaneous and induced by γ-rays) for the five donors. Frequencies of chromosome loss were obtained from data of FISH centromere probing on micronucleated cytokinesis-blocked lymphocytes related to 1000 CB. To obtain the frequencies of non-disjunction (ND) for the total genome, the added frequencies of ND for chromosomes 1 and 17 were multiplied by 23/2, assuming that ND occurs at random and independently for each chromosome.
IR might alter, by means of free radicals, the disulphydryl and Chandley, 1983). Such damage might lead to DNA adducts or DNA-protein cross-linking, which can increase chromosome bridges which are important for microtubule assembly. It has been shown that at high doses radiolysis of proteins containing loss in yeast (Mormiter et al., 1981) . It is unknown whether or not the same mechanism for aneuploidy induction exists in SH and S-S groups leads to fragmentation of the peptide chains. These effects are oxygen dependent and inhibited under mammalian cells. On the other hand, premature separation of centromeres of anaerobic conditions (Schuessler and Herget, 1980; Schuessler and Schilling, 1984) . Such a mechanism might be possible in sister chromatids may also conceivably cause aneuploidy (Vig, 1984) . A problem that has to be overcome for separation of the low dose range of ionizing radiation.
Ionizing radiation may also damage the structural elements chromatids is that newly replicated daughter DNA molecules are interwound, and an enzyme such as topoisomerase II is of the chromosome necessary for normal disjunction (Bond Elhajouji,A., Van Hummelen,P. and Kirsch-Volders,M. (1995) Induction for a needed to disentangle them (Hsieht, 1990) . Radiation-induced threshold of chemically induced aneuploidy in vitro in human lymphocytes. alterations in the activity or expression of topoisomerase II Environ. Mol. Mutagen., 26, [292] [293] [294] [295] [296] [297] [298] [299] [300] [301] [302] [303] [304] could provide an answer, but this question is still controversial. Elhajouji,A., Tibaldi,F. and Kirsch-Volders,M. (1997) Indication for thresholds Warters et al. (1989) reported that 100 Gy X-radiation had no of chromosome non-disjunction versus chromosome lagging induced by spindle inhibitors in vitro in human lymphocytes. Mutagenesis, 12, [133] [134] [135] [136] [137] [138] [139] [140] detectable effect on total cellular topoisomerase II activity, Farouqi,Z., Darroudi,F. and Natarajan,A.T. (1993) The use of fluorescence in while Goswani et al. (1992) If it is assumed that multiple events are required to lead Mutat. Res., 161, [193] [194] [195] [196] [197] [198] to chromosome loss or malsegregation, the existence of a Goswani,P.C., Hill,M., Higashikubo,R., Wright,W.D. and Roti Roti,J.L. (1992) threshold is probable. However, we cannot conclude from our
The suppression of the synthesis of a nuclear protein in cells blocked in study whether or not a threshold does exist because a higher radiation needs a more detailed study in the low dose range Kirsch-Volders,M., Tallon,I., Tanzarella,C., Sgura,A., Hermine,T., Parry,E.M. in accordance with the effect (the lower the dose, the higher chromosome non-disjunction is not supported by the data Migliori,L., Parrini,M., Sbrane,I., Biagni,C., Battaglia,A. and Loprieno,N. obtained in this small sample (five donors) of exposed (1991) Additional studies on chronic in vivo exposure are necessary 13-19. to draw further conclusions.
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